Abstract: Laser diode-based optical chaos is attractive for the fundamental physics as well as practical tasks in such as secure communications, random number generation, and fiber sensing. The characteristics of Brillouin backscattering light generated by injecting a chaotic laser into a single mode fiber have been investigated experimentally. The Brillouin backscattering light still has the chaotic properties, and the position of the chaotic anti-Stokes frequency appears a dip, which has never been reported before. The power and linewidth variations of the Brillouin Stokes light and anti-Stokes light along with the input optical power also are analyzed. Particularly, we investigate the differences of Brillouin backscattering light between chaotic laser and narrow-linewidth laser, and analyze the interacted optical spectra when the chaotic laser and the narrow-linewidth laser inject into the 10 km single mode fiber simultaneously. With detailed analysis and experimental validation, we demonstrate that due to the chaotic self-similarity property, the chaotic laser at the location of anti-Stokes frequency transforms into the Stokes light in the stimulated Brillouin scattering process, which leads to the appearing of the dip.
Introduction
The distributed optical fiber sensing technique based on Brillouin scattering can accurately measure temperature, strain, libration or damage at any point along the fiber, which is very significant for health monitoring on large civil structures [1] - [4] . The performances of the sensing systems based on Brillouin optical correlation-domain are mainly measured by the spatial resolution and the sensing range [5] , [6] . The spatial resolution is determined by the linewidth of the light source to a large extent [7] . The wider of the linewidth is, the shorter of the coherence length will be, and the spatial resolution will consequently be higher. Besides, the Brillouin optical correlation-domain reflectometory is based on the spontaneous Brillouin scattering, and its sensing range is mostly controlled by the threshold of the light source. High threshold can lead to the high power injected into the sing mode fiber (SMF), so high SNR and long sensing range can be obtained. Once there appears stimulated Brillouin scattering (SBS) and leads to the Brillouin gain saturation [8] , the end of the SMF will have no optical light transmitting and the sensing range will be limited. Meanwhile, the nonlinear effect caused by the SBS will lead to more noise and reduce the SNR of the system. Therefore, the optical light source with a wide linewidth and high threshold has great importance for the system. Currently, with regards to the distributed optical fiber sensing technique based on Brillouin optical correlation-domain systems, the light source, according to the coherent characteristics of the signal, can be classified into two types: (i) coherent signal and (ii) partially coherent signal. The coherent signal is mainly based on the laser which is directly modulated into a sinusoidal wave by the injection current to the laser. The measurement range is inversely proportional to the modulation frequency, and the spatial resolution is proportional to the linewidth of Brillouin gain spectrum, inversely proportional to the modulation frequency and the modulation intensity of the light source [9] . The partially coherent signals mainly contain the amplified spontaneous emission (ASE) signal, the chaotic light, and the noise-modulated laser, which have a random correlated Brillouin spectrum, and have been applied to the distributed optical fiber sensing. A 4 mm spatial resolution over a 5 m measurement range has been obtained by using broadband Brillouin pump and signal waves modulated by Raphael Cohen et al., which are drawn from the filtered ASE noise of an erbium-doped fiber amplifier (EDFA), providing high spatial resolution [10] . Andrey Denisov et al. have obtained a 8.3 mm spatial resolution over a 17.5 km distance using a Briilouin distributed sensor based on phase-modulation correlation-domain analysis combined with temporal gating of the pump and time-domain acquisition [11] . We have proposed a partially coherent Brillouin optical time-domain reflectometry with random correlated Brillouin spectrum, which is based on a broadband chaotic laser, and has realized a 0.96-m spatial resolution [12] . Moreover, we have demonstrated a partially coherent BOCDR scheme based on a noise-modulated laser diode, and a spatial resolution of 19 cm along a 250 m optical fiber has been obtained [13] . As for the distributed optical fiber sensing systems based on the partially coherent signal, the spatial resolution is determined by the coherence length of the light source, which is inversely proportional to the linewidth of the light source. Thus, the broad optical spectrum of the light source has a short coherence length which can improve the spatial resolution to a great extent. However, little attention has been devoted to the characteristics of Brillouin backscattering light generated by partially coherent signal in optical fiber until now, although it is of great importance in improving the system performance and applying the partially coherent signal to more areas. Therefore, it is necessary to carry out the relevant research on the characteristics of the partially coherent Brillouin backscattering light in the fiber to make the best of it.
Herein, we take a chaotic light source as an example and systematically investigate the characteristics of Brillouin backscattering light generated by chaotic laser transmitting in the optical fiber, and find that there appears a dip in the position of the anti-Stokes frequency and we have analyzed its cause experimentally. The linewidth of Brillouin Stokes backscattering light, the backscattering light power and the stimulated Brillouin scattering (SBS) threshold of chaotic light under different chaotic laser powers and fiber lengths, are all analyzed in detail. Fig. 1 illustrates the experimental setup for measuring the characteristics of the chaotic Brillouin backscattering light. The chaotic laser is obtained from a distributed feedback laser diode (DFB-LD) disturbed by the feedback light as shown in the dashed box in Fig. 1 . The output light of the DFB-LD injects into the optical circulator (OC1), through a variable attenuator (VA) and a polarization controller (PC) to adjust the feedback strength and polarization state to realize the chaotic laser output. The chaotic laser outputs the optical light through a 50/50 optical coupler. The isolator (ISO) prevents the undesired light from injecting into the DFB-LD, which may affect the generation of the chaotic laser. The 20% output of the 20/80 optical coupler is used to monitor the state of the chaotic laser in real-time, and the other output is employed as the input optical light which is injected into the single mode fiber (SMF). Since the optical polarization state is easily changed when the chaotic light is propagating in the SMF, we introduce a polarization scrambler (PS, PCD-104) in our experiment. The input power to the SMF (G.655) is controlled by an erbium-doped fiber amplifier (EDFA, KEOPSYS CEFA-C-PB-HP-33). The fiber matching liquid is used to suppress the strong Fresnel reflection at the end of the fiber. An optical spectrum analyzer (OSA, APEX AP2041B) with an ultra-high resolution of 5 MHz (0.04 pm) is used to measure the optical spectra of the chaotic laser and the Brillouin backscattering light. Besides, its ultra-high performances, such as ±3 pm wavelength accuracy and ±0.5 dB power measurement accuracy, provide much higher precise and more convincing results for the experiment. An electrical spectrum analyzer (ESA, Agilent N9010A) with a 26.5 GHz bandwidth and an oscilloscope (OSC, LeCroy LabMaster 10Zi) with a 36 GHz bandwidth and 80 GS/s sampling rate are utilized to measure the power spectrum and the time series of the chaotic laser, respectively. The tunable laser source (TLS) connected by the dotted yellow line is used to analyze a confirmatory experiment in the third part of the paper.
Experimental Setup

Experimental Results and Discussion
Characteristics of the Chaotic Laser and the Brillouin Backscattering Light
In this experiment, the bias current of DFB-LD is controlled at 33.0 mA (1.5 times of its threshold current), and its central wavelength is fixed at 1554.11 nm. The optical feedback strength is about −10 dB. In this condition, the output optical power of the chaotic laser is 0.79 dBm. To demonstrate that the output is a chaotic signal, we calculate its Lyapunov exponent, correlation dimension and Kolmogorov entropy. Lyapunov exponent is the most important index to judge that whether the signal is chaos, and reflects the sensitivity of the dynamical behavior to the initial conditions in the system. Lyapunov exponent of a chaotic signal is a positive value, and it is 0.0109 in our experiment. Correlation dimension describes the dimension complexity of the attractor and it is 2.1267. Kolmogorov entropy represents the randomness of the system and its value is 0.0308. These all prove that the signal obtained is chaos.
By adjusting the VA and PC, we can get chaos with different coherent lengths, radio frequency (RF) spectra and central frequencies. Here we choose a relatively narrower chaotic spectrum and a relatively wider chaotic spectrum through comparing the linewidths of the optical spectra under Fig. 2 . Properties of the chaotic laser. (a1) optical spectrum with a 1.7 GHz linewidth, (a2) the corresponding RF spectrum, (a3) the corresponding time series, (a4) the corresponding phase portrait, (a5) the corresponding self-correlation, (b1) optical spectrum with a 3.2 GHz linewidth, (b2) the corresponding RF spectrum, (b3) the corresponding time series, (b4) the corresponding phase portrait, (b5) the corresponding self-correlation. different optical feedback strengths. The characteristics of the chaotic laser are illustrated in Fig. 2 . The −3 dB linewidths of the chaotic lasers shown in Fig. 2 (a1) and (b1) are measured by the OSA with the high frequency resolution of 5 MHz, and they are separately 1.7 GHz and 3.2 GHz, which are consistent with the results measured by the delayed heterodyne method. Moreover, the −10 dB linewidths of the chaotic lasers are separately 3.9 GHz and 14.38 GHz, and the −20 dB linewidths are separately 15.9 GHz and 26.77 GHz. It is obvious that the linewidth of the chaotic laser spectrum is much broader than that of the conventional continuous-wave laser. As for the RF spectra shown in Fig. 2(a2) and (b2), they all approximately cover a frequency range from 0 to 18 GHz and their bandwidths are independently 3.9 GHz and 7.5 GHz. Fig. 2 (a3) and (b3) are the time series, and both indicate that a chaotic laser has the noise-like random variation. The phase portraits are chaos attractor and manifest the chaotic laser process is pseudorandom, which indicates the states belong to chaos attractor, shown in Fig. 2(a4) and (b4). Chaotic self-correlation curves are shown in Fig. 2(a5) and (b5). They both have the properties of δ-like function.
When the chaotic laser injects into the SMF, we can obtain the time series, phase portrait, selfcorrelation curve and RF spectra of Brillouin backscattering light, shown in Fig. 3 . Its time series oscillate randomly and have the noise-like variation shown in Fig. 3(a) . Similarly, we also calculate the Lyapunov exponent, Correlation Dimension and Kolmogorov entropy of the chaotic Brillouin backscattering, and they are 0.0240, 2.2843 and 0.01679 separately, which further indicate that the chaotic backscattering spectrum has the same properties as the chaotic laser. Fig. 3(b) and (c) are independently the phase portrait and self-correlation curve of the Brillouin backscattering light. Besides, the Fig. 3(c) shows that the self-correlation curve of the Brillouin backscattering light still has the time-delay signature, and we have found in previous work that it can be suppressed through adjusting the appropriate factors [14] . The RF spectra of chaotic backscattering light are shown in Fig. 3(d) . The lines are the different RF spectra of backscattering light corresponding to different optical powers injecting into the fiber, whose bandwidths are all broad and the frequency ranges cover around 15 GHz. When the magnification times is small, only the power of the RF spectrum is increased. The outline of the RF spectrum is almost the same, such as the lines with the input optical power of 22 dBm and 24 dBm, and the Brillouin gain peak is almost invisible. As the magnification times increases, the Brillouin gain peak caused by the self-beat frequency of the backscattering is gradually visible. The frequency corresponding to the peak is the Brillouin frequency shift (BFS), which is about 10.27 GHz. When the chaotic laser is utilized in a BOCDR sensing system, the chaotic laser can be split into two beams. One beam is used as a reference light, and it can beat with the chaotic Brillouin backscattering light so that the Brillouin gain peak can be improved and enhanced greatly.
Furthermore, as shown in Fig. 4(a) , the spectra of chaotic backscattering light with different input powers injecting into the 5.05 km SMF have been experimentally studied. The BFS is 10.27 GHz. When the input power is low, it is the spontaneous Brillouin scattering and the power of Brillouin anti-Stokes light is too weak to be recognized. With the increase of the input power, there appears SBS, and the intensity of Brillouin backscattering light grows much stronger, especially the Stokes light, even beyond the Rayleigh backscattering light. There are different definitions of the SBS threshold [15] , [16] , and here we choose the common definition: the input power when the Brillouin backscattering light power is μ times as high as the input power [17] , where μ is roughly 0.001 in this experiment, and it manifests as the Rayleigh light power and the Brillouin Stokes light power are approximately the same in the Fig. 4(a) .
Note that when the input power is lower than SBS threshold, there is a peak at the location of the chaotic Brillouin anti-Stokes backscattering frequency in Fig. 4(a) . Otherwise, there appears a dip, which has not been reported so far. To analyze this phenomenon, we compared the Brillouin backscattering light of chaos with that of the DFB-LD shown in Fig. 4(b) . There are lots of reports about the Brillouin backscattering light of the DFB-LD pump light injecting into the fiber. However, limited to the resolution of their used OSA, some details of the spectral characteristics can hardly be observed. The resolution of a traditional OSA is around 2.5 GHz (20 pm), and it can only obtain the outline of the Brillouin backscattering light of the DFB-LD. In this experiment, an OSA with an ultra-high resolution of 5 MHz (0.04 pm) is used and the variation details of the Stokes and anti-Stokes light of the Brillouin backscattering light produced by the DFB-LD can be observed clearly, so that we can better compare the characteristics of the Stokes and anti-Stokes light of the Brillouin backscattering light between chaotic laser and DFB-LD, which is beneficial to understand the cause of the dip in the chaotic Brillouin scattering light. When the input power is low, the location of the anti-Stokes light frequency in the Brillouin backscattering light spectrum shows a peak in the case of a chaotic pump light of 18 dBm as shown in Fig. 4(a) , and a DFB-LD pump light of 4.3 dBm as shown in Fig. 4(b) . When the power of chaotic input optical light increases from 26 dBm to 32 dBm, there appears a dip in the position of the chaotic Brillouin anti-Stokes frequency, as shown in Fig. 4(a) . However, there disappears this phenomenon in the corresponding location when the input optical power of the DFB-LD increases from 15.0 dBm to 16.5 dBm as shown in Fig. 4(b) . And the optical spectrum of chaotic SBS is different from that previously obtained, such as the spectrum in Ref. [18] . The SBS phenomenon can be described as a nonlinear interaction between the pump light and the Stokes light generated through an acoustic wave in the fiber, which is caused by the effect of electrostriction. When the pump power increases to a certain value (the SBS threshold), an interference effect occurs between the pump and the Stokes light and most of the pump light converts into Stokes light. Chaotic light has the characteristic of self-similarity. This means that chaotic light in the field of Brillouin anti-Stokes frequency has the similar properties to the light in the field of the central wavelength. Furthermore, chaotic light covers the field of anti-Stokes frequency as shown in Fig. 4(a) . Thus, the chaotic light in the position of anti-Stokes frequency transforms into Stokes light in the SBS process, which causes that the Stokes light power increases and there appears a dip at the location of anti-Stokes frequency. As for the spectrum of the backscattering light generated by the DFB-LD, the ASE noise caused by the EDFA enlarges while the input optical power increases. However, the ASE noise does not participate in the SBS process because it does not satisfy the SBS generation conditions. Moreover, the power of the ASE noise is so high that the anti-stokes light signal is submerged by the noise. Therefore, there only exists Brillouin Stokes light in SBS process caused by DFB-LD.
Power Measurement of Anti-Stokes, Rayleigh and Stokes
The power variations of Brillouin Stokes and anti-Stokes light of the chaotic backscattering are studied. From the Fig. 4 , we can see that the powers of anti-Stokes light and Rayleigh light increase nearly linearly, but the Stokes light power increases rapidly. Their variation trends are shown in Fig. 5 . When the input optical power is low, the Brillouin backscattering is spontaneous Brillouin scattering process, and the powers of anti-Stokes, Rayleigh and Stokes light increase gradually along with the increase of the input optical power. When the input optical power further increases and SBS occurs, a large amount of pump light changes into Stokes light, which causes that the power of the Stokes light increases rapidly and has a great gain. If the input optical power increases continuously, it will lead to pump depletion and Stokes gain saturation [8] , so the power of the Stokes light gets nearly unchanged. During this process, the power of Rayleigh light is approximately steady because the SBS can suppress the Rayleigh light. Furthermore, we have found that the Rayleigh light of the chaotic laser and the injected chaotic laser have the same chaotic characteristics. That is, the Rayleigh light of the chaotic laser possess the characteristics of the self-similarity. Both the spectrum of the Rayleigh light in Fig. 4 (a) and its power variation in Fig. 5 indicate that the Rayleigh light is suppressed when the chaotic input optical power reaches a certain value (SBS threshold). This means the Rayleigh light participates in the SBS process and is converted into Stokes light. And the anti-Stokes light power is also steady because it transforms into Stokes light in the SBS process.
Linewidth Measurements of Anti-Stokes, Rayleigh and Stokes
Linewidth variations of the anti-Stokes light, Rayleigh light and Stokes light of the chaotic backscattering light are also studied, as shown in Fig. 6 . The linewidth of Rayleigh light is always unchanged because the Rayleigh scattering is the elastic scattering, which means that there is no nonlinear effect. The linewidth of the Stokes light is nearly unchanged and then begins to decrease gradually with the increase of the input optical power. When the input optical power reaches a certain value, even though the input optical power continues to increase, the linewidth of the Stokes light varies slightly and remains nearly unchanged. The theoretical reason can be explained by the energy maintenance: The Stokes linewidth varies slightly along with the increase of the pump power in the process of spontaneous Brillouin scattering. However, when the pump power increases continuously, there appears SBS and lots of pump light changes into Stokes light. The concentrated Stokes light energy leads the Stokes linewidth to narrow. When the pump power is much higher than the SBS threshold, the power of Stokes light reaches saturation and its energy is nearly unchanged, which results in the Stokes linewidth keeping steady. The linewidth of the anti-Stokes light is gradually narrowing along with the increase of the input optical power. Theoretically, its linewidth variation is very small and the linewidth will tend to be steady [5] . Moreover, from the Fig. 8 , we can see that the linewidth of the chaotic Brillouin Stokes light is the order of GHz, however, the linewidth of the common continuous Brillouin Stokes light is about 50 MHz [19] , so the linewidth of the chaotic Stokes light is much wider than that of the common continuous Stokes light.
In order to ensure high spatial resolution of the distributed optical fiber sensing technique based on BOCDA, too high input optical power can result in the linewidth of the Stokes light narrowing. However, if the input optical power is too weak, the SNR will decrease. So, we can choose appropriate input optical power according to the linewidth variation of Stokes light shown in Fig. 6. 
Discussion
To further demonstrate our interpretation that the dip in the position of the chaotic Brillouin antiStokes frequency is caused by the self-similarity of the chaotic laser, we simultaneously inject the chaotic laser and the narrow-linewidth laser into the 10 km SMF in the same direction. The experimental setup is shown in Fig. 1 . The chaotic laser amplified by EDFA and the narrow-linewidth laser generated by the TLS with the same frequency as the anti-Stokes light are injected into the same end of the SMF through an optical circulator (OC2). Fig. 7 shows the interacted optical spectra between the chaotic laser and the narrow-linewidth laser in the 10 km SMF. In the experiment, the chaotic output power is a constant value, and the output power of TLS is 2 mW, 5 mW, 8 mW, 10 mW and 12 mW, respectively. The red line is the spectrum of the chaotic backscattering light when the TLS is closed. The black line is the backscattering optical spectrum generated by TLS transmitting in the SMF when the chaotic output is closed. The other lines are the interacted optical spectra, i.e., the other lines are the backscattering light spectra of the superimposed light, produced by chaotic laser and TLS in the optical fiber. Along with the increase of the TLS output power, the optical power of the interaction increases slowly, but the power of Stokes light is unchanged. Meanwhile, there is no dip in the position of the antiStokes frequency. We think the TLS has no characteristics of self-similarity, and the chaotic laser and the narrow-linewidth laser generated by TLS have different properties. Therefore, there is no any relatedness between them, so the TLS light (in the position of anti-Stokes frequency, i.e., the anti-Stokes frequency of the backscattering light) cannot transform into chaotic Stokes light in the interaction process of Brillouin backscattering, which further indicates that the dip in the position of the chaotic anti-Stokes frequency is caused by the self-action of chaotic light in Fig. 4(a) . Therefore, it is because the chaotic laser has the characteristic of self-similarity that there appears the dip in the position of the chaotic anti-Stokes frequency.
The power variation of the interaction between chaotic laser and TLS output light is shown in Fig. 8 . The green line and pink line show the power variation of the Stokes light and Rayleigh light, respectively. And their powers are almost unchanged. The bottom line (blue) is the power variation of the anti-Stokes light, and it increases with the increase of the TLS output power. In other word, the power of the interacted light increases with the increase of the TLS output power. The results above-mentioned indicate that the dip appearing at the location of anti-Stokes frequency of the chaotic backscattering light is caused by the characteristic of chaotic self-similarity.
Conclusions
In summary, we have experimentally analyzed the chaotic laser generated by the optical feedback and investigated that the characteristics of chaotic Brillouin backscattering light in the fiber. We find that the Brillouin backscattering light still has the chaotic properties. The linewidth of Brillouin Stokes backscattering, the peak power of Stokes and the chaotic SBS threshold under different output powers of chaotic laser are all analyzed. The SBS threshold of chaos is much higher than that of the conventional continuous-wave laser. Therefore, the chaotic laser with a high SBS threshold can be better applied to the distributed optical fiber sensors based on Brillouin scattering, especially the sensors based on spontaneous Brillouin scattering. Moreover, due to the self-similarity of chaos, the chaotic laser in the position of anti-Stokes frequency changes into the Stokes light, so that there appears a dip at the location of Brillouin anti-Stokes backscattering, which is analyzed detailed and demonstrated experimentally. The results reveal a physical portrait of laser-diode optical chaos Brillouin backscattering, and present experimental evidence to further improve the performance of the sensing system based on partially coherent light and be available to be used in more applications.
